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Abstract

The results of laser scribing experiments of CIGS thin films deposited on Mo-coated stainless steel sheets, using laser pulses with
a wavelength of 1550 nm and a pulse duration of 6 ns, are presented in this study. It is shown that a removal of the CIGS from
the Mo film is possible without edge melting of the CIGS or damaging of the Mo. The critical parameter for inducing the
delamination lift-off process of the CIGS from the Mo was identified to be the scribing speed of the laser. In dependence on the
laser parameters two different material removal processes were found. For a low pulse overlap the laser pulse penetrates the
CIGS film and is absorbed in the interface between the CIGS and the Mo causing a lift-off process of the CIGS from the Mo
back contact. For a high pulse overlap an ablation process starting from the top side of the CIGS film was found. The
composition and morphology of the sample material after the laser patterning were analysed by scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy (EDX), and micro-Raman spectroscopy.
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1. Introduction

Due to the current developments in the field of electronics, display manufacture and thin-film photovoltaic laser
scribing of thermal sensitive thin-film stacks attract significant attention. Especially scribing of thin-film solar cells
(TFSC) is of great interest in order to establish this kind of solar modules in the market. Copper indium gallium
(di)selenide — Culn,Ga;.Se, (CIGS) is one of the most promising material classes for the large-scale production of
TFSCs. The theoretically achievable photoelectrical conversion efficiency of ~27% has been predicted for CIGS
cells [1]. Experimentally, an efficiency of ~ 22.3% is reported in Ref. [2] for CIGS material which was deposited on
polymer substrates. In order to transfer this high efficiency of CIGS in high-efficient large-area solar cell modules
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the CIGS material has to be divided into small segments which are interconnected in series. The serial
interconnections of the CIGS material segments allow the reduction of the photocurrent and, in consequence, to
reduce the ohmic electrical losses in the module. Mechanical scribing of the CIGS material is limited due to the
scribing speed, edge quality, and the distance between two adjacent scribes. To overcome these limitations laser
scribing can be performed due to unique characteristics of laser processing like non-contact high-speed scribing. In
order to avoid shunt formation across the edge of the laser scribe melting of the CIGS material during the laser
irradiation has to be prevented [3, 4]. Due to the great challenge of laser scribing of the CIGS material without edge
melting a great number of studies has been performed. In Ref. [S] various studies combining different laser
parameters are summarized. In these studies it was found that even by using ultrashort laser pulses an edge melting
cannot completely be avoided. In order to overcome these problems different new approaches have been reported.
One approach for non-thermal laser structuring is SWIFD (shock wave-induced film delamination) [6]. At SWIFD
the rear side of a substrate is irradiated with laser pulses which induce a partial ablation of the substrate and shock
wave formation. The shock wave generates an interface stress at the front side of the substrate which can cause a
delamination of the functional layer of the functional film at the substrate. The delamination effect of SWIFD is
discussed in relation to thermally induced stress effects [7, 8]. It is shown that the SWIFD process can be used to
scribe CIGS material with laser radiation without melting or thermally loading the CIGS material. Another approach
for scribing of CIGS material is using thermomechanical processes in the interface between the CIGS and the
substrate. The patterning of solar cells by removing the CIGS from the underlying Mo film can be achieved with
nanosecond laser pulses at a wavelength of A = 1064 nm but edge melting of the CIGS or damaging of the Mo film
were observed regularly [5, 9, 10]. Due to the low absorption of the CIGS the NIR laser pulses can penetrate the
CIGS film and can interact at the CIGS/Mo interface. Processes that might result are the partial evaporation of the Se
at the CIGS/Mo interface [11] and stress formation at the interface [5]. The so-generated high interface stress causes
a mechanical fraction and explosive flyaway of the CIGS material [11]. In the study of Lee et al. [5] the fracture of
the CIGS film is explained by the partial absorption of the laser pulse energy at the surface of the CIGS film and the
CIGS/Mo interface which causes an temperature difference between the front and rear side of the CIGS film. This
temperature difference causes a thermomechanical stress in the CIGS film due to thermal expansion. By choosing
the laser fluence in a range inducing a sufficient thermomechanical stress in the CIGS film, but lower than the
melting temperature of the Mo film, the CIGS film can be removed without melting. The important process
parameters used for this stress-assisted material removal process are the laser fluence and the optical properties of
the CIGS film [5]. The band gap of the CIGS depends on the ratio of the composition elements whereas the relation
between the band gap and the absorption coefficient for direct semiconductor materials is given by [12]
a = A,/hf — E; with a absorption coefficient, h Planck constant, f frequency of light, E, band gap energy, A
constant. The band gap for commercial CIGS is adjusted by the Ga content. Typical Ga concentration values of 0%
to 9% result in corresponding band gaps of E, = 1.03 eV to E,; = 1.23 eV, respectively. [13] The photon energy at a
laser wavelength of A=1064 nm (1.17 eV) is within this band gap range. Therefore, the composition ratio of the
sample material is very critical, because slightly changes in the composition ratio influence the laser process
drastically. To overcome this problem and stabilize the material removal process, laser sources with longer
wavelengths are required in order to address the thermally induced stress effects to the CIGS/Mo interface instead to
an ablation from the front side of the CIGS film. In the work of [14] it is shown that with laser sources having a
wavelength of A =1572 nm and a pulse duration of 10 ps a delamination of the CIGS layer from the Mo layer is
possible. Due to the high transparency of the CIGS and high absorption of the laser radiation at the CIGS/Mo
interface the interface temperature rapidly rises, which triggers a localized spallation/lift-off process of the CIGS
material [15, 16]. It could be shown that due to the lift-off process all the laser-effected CIGS material was
mechanically removed from the Mo layer.

In the present study the results of laser scribing of CIGS with nanosecond laser pulses with a wavelength of
A = 1550 nm are presented. The results show that a removal of the CIGS layer from the Mo layer is possible without
melting of the scribe edge or damaging of the Mo layer. It is also shown that the pulse overlap is a critical factor for
a clean removal of the CIGS from the Mo. Scanning electron microscopy (SEM) imaging as well as energy-
dispersive X-ray spectroscopy (EDX) was performed in order to analyse laser-induced modifications. In order to
study the laser process more in detail micro-Raman analysis of laser scribed areas was performed. A penetration
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depth for the A = 532 nm laser wavelength was estimated in a 150-200 nm range for CIGS and in a 15-20 nm range
for molybdenum layer, accordingly. Raman spectra were studied at 10 mW laser power and at room temperature.

2. Experimental set-up

For the experiments a laser source (LUSKENN from the Manlight company) providing a wavelength of
A=1550 nm and a pulse duration of t =6 ns was used. The maximum pulse energy of this laser source is up to
E =100 pJ and the tunable repetition rate up to f= 300 kHz. The laser source was embedded in a laser workstation
(ILS 500x from INNOLAS SYSTEM). The laser beam with a nearly Gaussian intensity distribution was focused
onto the sample surface by a scanner lens with a focal length of 100 mm. The laser spot size that was determined
with the D* method has a diameter of d =25 um. The samples consisted of a 25 um thick stainless steel sheet which
was covered with a ~ 0.5 pm thick SiOy thin film acting as an electrical isolator. On top of this SiO, thin film a
~ 500 nm thick molybdenum layer and the CIGS film with a thickness of ~ 2 pm were deposited. A principle sketch
of the sample material is shown in Fig. 1. After the laser scribing process the scribes were analysed by SEM in
combination with EDX and optical microscopy (OM). In order to investigate possible material modifications Raman
spectroscopy by using the confocal p-Raman spectrometer/microscope (Thermo Scientific DXR) was applied. The
Raman microscope has a 5.8 cm™ resolution and was equipped with a 532 nm laser. Using an objective with
50 times magnification a laser spot size of up to 0.7 pm can be achieved.
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Fig. 1. Sketch of the sample cross section used for the scribing experiments.

3. Results and discussion

In a first step the laser scribing of the samples was studied in systematic experiments with different laser fluences
and scribing speeds. In Fig. 2 laser scribes are exemplarily shown which were generated with a fixed laser pulse
energy of E=18 uJ and a pulse repetition rate of 100 kHz. The scribing speed varied in a range between
v =10 mm/s and v=3000 mm/s. In dependence on the scribing speed two different surface morphologies of the
scribes could be distinguished. For low scribing speeds (see Fig. 2a) the edges of the scribes are melted and the
bottom of the scribes is completely covered with melted material. Additionally, laser-induced periodic surface
structures could be found in the bottom of the laser scribe. Deductive from the found surface morphology the
dominant material process for low scribing speeds is ablation/evaporation, starting from the top side of the CIGS
film. However, for high scribing speeds the surface morphology of the scribes (shown in Fig. 2¢) is different from
that for low scribing speeds. In particular, no sign of melting at the edges of the scribes could be found. Instead of
that it seems that the CIGS film is fractured and removed as flakes from the samples. At the bottom of the scribe
only the Mo surface seems melted. Comparing the optical microscope images of scribes, which were generated with
low and high scribing speeds (Fig. 2 bottom), it can be seen that the bottom of the scribe is much more bright for the
high scribing speed (see Fig. 2e) which indicates that with higher scribing speed the Mo film is almost completely
cleared up from the CIGS film. This finding in combination with the found cracked edges of the scribe seen in Fig. 2
(left) indicates that the material removal process in the case of scribing with high scribing speeds is induced by
mechanical stress near the interface between the CIGS and the Mo film. In Fig. 2b a laser scribe is shown which was
generated with a moderate scribing speed. It can be seen in this SEM image that these features are caused by the
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thermal and mechanical stress-dominated material processes. Partial melting and partial cracking of the edges of the
laser scribe occur together. The two different scribing processes can also be distinguished by analysing the laser-
generated scribes with optical microscopy imaging. In Fig. 2 (bottom) an optical microscope image of a laser scribe,
which was generated with a high scribing speed (Fig. 2¢), and an optical microscope image of a scribe, generated
with a low scribing speed (Fig. 2a), are shown. In the image of the scribe generated with a high scribing speed the
bottom of the scribe shows a much higher reflectivity than in the scribe which was generated with a low scribing
speed. This difference in the reflectivity of the bottom of the laser scribes indicates also that in the case of laser
scribing with low speeds material remains in the scribe or the Mo surface is modified, whereas the high reflectivity
of high-speed scribes shows that the molybdenum is almost completely cleared up from the CIGS layer without
surface modifications of the Mo.
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Fig. 2. SEM images (top) and optical microscope images (bottom) of laser scribes. The laser scribing used speed was v = 0.1 m/s; v=0.3 m/s and
1.5 m/s, respectively. The laser pulse energy was fixed at a value of Epys = 18 pJ.
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Fig. 3. Summary of the CIGS scribing experiments (light green: ablation/melting; dark green: delamination/lift-off; yellow:
transit region; red: full damaging Mo and/or stainless steel sheet; blue: single pulse).
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In Fig. 3 the results of the analysis of the sample after the laser scribing process are colour-coded summarized
(light green: melting, dark green lift-off, red: Mo layer damaged, blue: single pulses, yellow: transit region between
melting and lift-off). In this Fig. 3 it can be seen that with increasing pulse energy the range of the transit between
the thermal and mechanical stress-dominated material removal process decreases. By increasing the laser pulse
energy from E=15.8 uJ to E =49 puJ the required scribing speed to enable a mechanical-like stress-induced CIGS
material removal process increases from v > 0.3 m/s to v> 1.0 m/s. For a combination of very low scribing
velocities and high laser pulse energies the Mo layer is ablated and the underlying stainless steel substrate is
damaged. For very high scribing speeds v > 5 m/s the laser scribes are separated to single ablated dots. The energy
range in which a mechanical stress-dominated material removal can be induced is in the investigated laser parameter
field nearly independent from the laser pulse energy for a fixed scribing speed, respectively. This result is in contrast
to previous studies which were performed with nanosecond laser pulses with a wavelength of A = 1064 nm. In these
studies, e.g. [5], is reported that the adjusting of the laser pulse energy is a critical factor to generate the mechanical
stress-dominated material removal process.

Fig. 4. SEM image (left) and EDX image (right) of an area which was irradiated with one single pulse (Epuse = 18 pJ). The inset shows a
magnified section of the edge.
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In Fig. 4 a SEM image of a single-pulse-irradiated area is shown. The inset shows a magnified section of the edge
of the irradiated area. This image as well as the magnified inset shows no sign of melting of the edges. However, the
exposed Mo layer seems modified due to the absorbed laser energy. In Fig. 4b the corresponding EDX image is
shown. It can be seen that the CIGS film (represented in the EDX image by the Indium (In) signal) is nearly
completely removed from the laser-irradiated area. Therefore, in this laser-irradiated area the Mo signal is clearly
detectible. The melted material at the bottom of the laser-irradiated spot consists of Mo or a mixture of Mo and Se.
In order to study the laser-induced modifications at the bottom of the laser scribes more in detail micro-Raman
analysis were performed.

First the Raman spectrum of the non-modified CIGS layer (see Fig. 5) was characterized. A strong peak on
176 cm™ can be assigned to the A; mode of CIGS.The second and third peaks were observed at 218 cm™ and
250 cm™ that can also be attributed to CIGS modes [17-19]. The position of the A; mode can vary due to the
changeable Ga content in CIGS from 174 to 184 cm™ (from CIS to CGS), as it is reported in Ref. [20]. The peak of
the CIGS on 176 cm™ shows that the sample contents a small amount of Ga. Due to the correlation of the Ga content
the band gap energy is in the lower range of approximately Eg,, ~ 1.1 €V [5, 13].
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Fig. 5. Measured Raman spectra of an untreated area of the sample.

In a next step Raman spectra in laser-scribed areas were taken and analysed. After high-speed laser scribing these
CIGS peaks were not detected By the low-speed process the peak intensity of the A; mode of CIGS was reduced by
more than 91%. In Fig. 6 two Raman spectra after. scribing are shown. One was taken in the middle of a scribe
which was generated with a high scribing speed (blue) (v =1.5 m/s; Epy = 18 pnJ), the second Raman spectrum
(green) was taken at a scribe which was generated with a low scribing speed (v = 0.1 m/s) but the same laser pulse
energy. In this overview of the spectra it is seen that in both cases MoSe; is detectible, but in the spectrum taken
from the low scribing speed a mixture of additional components, e.g. Se, CuGaSe, and CIGS, is found, which
suggests that by scribing with high scribing speeds the undelaying Mo film is more cleared up then with low scribing
speeds.
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Fig. 6. Comparison of Raman spectra which were taken from areas which were scribed with high (v = 1.5 m/s; blue line) and low speed
(v=0.1 m/s, green line). The laser pulse energy was fixed at Epys = 18 pJ for both scribes. For comparison the Raman spectra of an untreated
area (black line) of the sample was added.

In Fig. 7 a detailed Raman spectrum of an area which was scribed with a low scribing speed is shown. The
simplified reconstruction of this Raman spectrum allows localizing the important peaks. Components of MoSe, at
169 cm'l, 240 cm'l, 287 cm‘l, CuGaSe, at 187 cm", Culn,Ga,_,Se, at 177 cm'l, and Se at 235 cm™' were observed.
Peaks at 169 cm™, 240 cm™, and 287 cm™ can correspond to E,, A;, and Elzg modes of MoSe, [20-22], CuGaSe,
has the strongest peak at 187 cm™. Two less intensive peaks of CuGaSe, are located at the same positions as the E; .
and A, modes of MoSe, [23].The broad peak at 235 em’ can correspond to trigonal selenium [24].
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Fig. 7. Raman spectra of an area which was scribed with a low scribing speed. (v = 0.1 m/s and Ep = 18 pJ). Colour code: blue: MoSe,, black:
CIGS, red: CuGaSe, and green: Se.

The next reconstructions of Raman spectra on processed area, generated with high scribing speed, are performed
and shown in Fig. 8. The optical microscope image (see Fig. 8 top) of this scribe shows dark and light regions inside
of the scribed area. In Fig. 8 (bottom) the Raman spectra taken in the dark (Fig. 8a) and light regions (Fig. 8b) are
presented. In both spectra Se, CuGaSe,, and MoSe, components with some additional new detected peaks were
found. It can be assumed, that peaks at 108 em’, and 150 cm™ can be attributed to o- and v-In,Se; [25, 26]. The
second-order scattering peak of MoSe, at 440 cm™ was also observed. By comparison of the two spectra seen in Fig.
8 it can be assumed that in the dark region more Se content remains. The existence of MoO3, M0O,, SeO,, and other
oxide components were not detected in all analysed spectra. In Fehler! Verweisquelle konnte nicht gefunden
werden. the peak position of the found structures are summarized.
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Fig. 8. (Top) Optical microscope image of a laser scribe which was generated with a high scribing speed. (v = 1.5 m/s and Epyse = 18 pl).
(Bottom) Raman spectra of laser scribes which were generated with a high scribing speed (v = 1.5 m/s and Epysc = 18 pJ). The spectra were
obtained in the middle of the scribe on (a) dark region (marked in with “1”) and (b) light region (marked with “2”). Colour code: blue: MoSe,,
black: In,Ses, red: CuGaSe; and green: Se.

Table 1. Peak positions of observed structures: Colour code: red: strong peak, blue: not observed.

o- V-
Structure | CIGS | MoSe, | CuGaSe, | Se TsSes | TngSes
169
Peak 176 240 123
position | 218 287 199 235 108 150
(em™ | 250 350 240
440

4. Conclusion

In the present study the laser scribing of CIGS thin films on top of the Mo layer without edge melting or
damaging the Mo layer is demonstrated. The scribing was performed with nanosecond laser pulses having a
wavelength of L = 1550 nm. A critical laser parameter to enable the mechanical removing of the CIGS without edge
melting is the scribing speed. The scribing speed has to exceed a certain value to induce the delamination of the
CIGS without edge melting and damaging of the Mo layer. The process window for inducing this effect was found
to be broad in terms of scribing speed and laser pulse energy. The found results confirm that a damage-free scribing
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of CIGS films is possible with nanosecond laser pulses having a wavelength of A= 1550 nm, which gives the
opportunity for using this nanosecond laser source, which is more efficient in terms of costs and stability.
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